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THEE THEQRETICAL LATERAL MOTIONS OF AN AUTOMATICALLY

CONTROLLED AIRPLANE SUBJECTED TO A YAWING-MOMEKT

DISTURBANCE : _ e e

Bv Frederick H, Imlay
SUMMARY

The lateral motion resulting from a disturbance of
the tvpe produced by asymmetric loss of thrust has been

determined for a hypothetical average airplane equipped -

with an automatic pilot. . Plots of the resultant motion
and of the. varlious modes that constitute the motion are
bPresented for coantrols fixed and for various amounts of
automatic control. The automatic conirol is assumed to

be of & tvPe that produces aileron deflections propor- _
tional to the angle of bank and rudder deflections pro- )
Portional to the angle of azimuth. The use of an auto-~

matic control mar introduce either of iHwo nodes., The

first mode is primarily a rolling oscillation; the second

mode is a poorly damped long—-period oscillation in azi-
muth and bank. The motion following any change in trim
causes the airplane to reach a state of equilibrium on a
differcnt flight heading from that existing before the
disturbance and the airplane assumes 2 new flight atti-~
tuda. '

INTRODUCTION

An investigation of the influence of automatic con-
trol on the lateral stability of an airplane hasg recently
been conducted by the WACA (referonce 1). The results in-
dicated that, with control, new modes of motion may be

P

subgtituted for the familiar modes that occur wiith controls

fixed. Thus the nonoscillatory spiral mode, which is al-
ways evident as a slow recoveory or a divergence when the
controls are neutralized during o banked turn, may be re-—

placed br either of two %types of oscillation. These osci sl

Lntlons result from the coupling of tae spiral mode eithor
with "the mode involving damping in rolling or with the agz-
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imuth mode, which, for an airplane with Tixed controls, 1s
the comvponent of motion associated with the zoro root of
the stavility equation. The natures of theso new typos of
ogcillation hag boon studied in ftho »roscnt paper Dy col-
culating the actual motion of the controllod airnlane fol-
lowing a disturbance. '

IETEOD

Several types of disturb-nce from cquilibrium condi-
tions exist for which mathematical solutions of tie motion
of nn pirplonc ean reoodily be deotornired. Thoe tyve of
disturbance chosen for thls analysis is that resultin
from the sudden application ¢ a yawing nmoment, which tcende
to fturn the airplane from its coursc. The guddonly appliod
vawing moment nmay be considerod to reprosent the effcect of
an adrupt losg of thrust on one pide of a nmulticngine air-
plane. The notion following. such a trpve of dlsturbance isg
of particular interest when autonatic control is enplored
because usually the primary function of automatic control
is to cause the airplene to fly in a fixed directlion.

Conputations of ta2e motion following the sudden ap-~
plication of a unit rawing-tionent disturbance were nade
for the hyvotheticnl aversge airplane troated 1n reoferenceo
1, TFized controls arnd three arrazgenents of aubtonatlc
control werc considercd. For convenlence in the calcula-—
tions, tho noment unit chosen wag sucih that the applied
rawing noment. was gsoveral ftines ag large as that likelyr te
cccur decause of asymnotric loss ¢f tarust. The size of
the avplied monernt, bhowever, s2ould not affect tiae usoful-
nogg orf the rosults because, for sinilar disturbances, tho
nagnitudon jof the resulting notions are in the sane ratios
ng the naognitudes of the digturtances. Thae conputations
were nade for conditions reoprosenting the avernge airplcne
at crulsging speed becauss auitormatic control is mninly used
under such conditions. ' ' '

The twpe of automatic cortrol aggsured ZTor the alrnlane
wroduced aileron deflesctions proportional to the zangle of
pank and rudder deflections mrovortional to the nngle of
azimuth, The amourt of aileron deflecticn zpslied for 2
unit angle of bank is expressed by the aileron~control
gearinyg; similarly, the facior o7 vroportionality foxr svhe
rudder deflection is represented by thie rudder—corntrol
gearing. For such a twpe of control, the aotion of tae

-4
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airplane will f2ll. in one of three clogsses, the class belng
determined by the differencos in the components, or modes,
entering into the moiion (reference 1j.° The class of mo-
tion vories wita charnges in the magnitude of the confrol .
gearings, Volues of the control gearings given lator in
table I aro choson to give the three typlesl classes of
motio=n. Only negative vanlues of thse control gearing weore
uged beceouse the control must o»pose the deviation to waich
it ig sensitive if thc motion is to bc stable. PRecrcusc
provious study indicanted that lag doces not introduce any
now modes of motion, instantancous control application wns
assuncd. ILag dces have a considerable influence on the
character of certain of the modes, however, variiculoarly
with respect to the damping. Thoese offects are meanticnod
later in the paper whon the various modes are digcussed.
The influercec of the crharacteristics of tahe airmlaone
and the control system on the moiilon are ecxpressed mathe-
natically by the nondimensional equatiocns .

-
c .08

— - — — _L YA “w ____1__‘ -

_ C e BN e
~B(uly )= @Pwof+m$a-§) e (T, Y R YD

' Y, g o a 28 |
-'B(LLI‘..-V) “'"/5 <I1P7\ -+ unsa ﬁ - <nr7\-'- 7\2‘1‘5.1:'.’181‘ a~\[}£> =.1 (T}

| N _ )

Except for the tcrm ..1(T), which represeris tiae unit raving-
monent disturbance, the equetions of motion aro the scme as
those treated in reference 1. Defiritions of the srmbols
used are given in theo avpondix. Solutions cf the oquations
to obtain the motior of the airplanc were nade by ths moth-~
ods of oporational calculus (roSerence 2).

Values of AN, known as stability roots, are ¢btained
as a step in golving ceuation (1) and arc indicative of
the uodes of motion. Thus, the solution of oguation (1) -
for any of the wTariasles B, ﬁ, or W i of the form

AT Aol

. _AsT
B, ., or VY =oce + cgye + ... Cg ©

+ S(m) (2)

)
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where ; Aj,Ag"e.. :Agz are the stability roots and S(T)

ig the stendy~state mobtion when the disturved syrstem has
reaczed a new strte of eguilibrium. Complex values of A
occur in conjugate pairs and, for every such pailr, the
corresponding exponential terms in equation (2) can bo re-
blaced by an oscillatory component of the rmotion. - ™

RESULTS

In tadle I are given wvaluecs of tke stavility roots
that result when the control gearings are vorisd, as provi-
ously described, to bring about changes in the modes of mo-
tion. The roots obtrnined are based on the a¥adbility and
the control derivatives and on the value of p for the avw.
erage airplane at Cp = 0.%35. (See the appcndix.) Dnta
for controls fixed are givon in casge 1 for purposes of conm~ )
narigon. ' . o f%

TABLE I. - ROOT COUPLIWGS OETAINED WITH VARIOUS CONTROL GEARINGS

38 a8 '

Case-—giﬁ--éﬁg %i.a %3 7\:5.4. 7\4: 7“'lr.s AE .
1] o lov }-0.409%1.991i|-4.49] ~0.00677 0 .
2 .25 1.00§ -.43322.404 [-4.01 ~0.220£0.1874
3 .50! 1.00| ~.46242,4111{-2.25 -.912 ' -.123
4 75| 1,00} ~.499f2.421 -2.12%+0, 6991 B -.0846

A comparison of case 1 and case 2 in tsble I shows
that the roots Ay nnd Az couple toforn a new modeo, tho

Na,5 oscillation, due %to tho introduction of the rudder
control, The incrensed magnitude of the aileror gearing in
cagse 3 causges the coupling to revert to_the arrangencrt
for controls fixed.. Further increaso in aiTercid cofitrol
results in the coupling of the Az arnd A, rocts ns the

Ay.4 Osclllatior for case 4. T

The motions obtained as solutions of equation (1) for
the wvarious cases in table I are as follows:
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Case -1
1.262 + 0,247¢ " *9°T 05 1,99(7-0:091) - 0.0005e %+ 49T
- 1.5050—0.00677T i .

44.245 + 0,1470 °°*°°T o g 1.99(T+0.527) + 0.0040-4+49 7T
~44,321g 0°00677T

~1116.39 + 7.566T - 0.23%e °**°°7T .05 1.99(7~0.112)
+0,0001e %*49T L 1715 g 04006771

Case_ 2 . o

0.035 + 0,17267°**33T 405 2.,40(T~0.072) ~ 0.0006e~ %+ 02T

-0,81407°°22°T o 0.187(r-4.829)

~0.095 + 0,094 °**33% ;05 £,40(T+0.503) + 0.0070~%-O0LT

+1,433c"0°880T 0.187(T-8,190)

-~

0.818 ~ 0.1640” °***°T 554 2,40(7-0.100) + 0,00026~%+ 01T

~0.82307°°22°T . o 0,187(p-3.972)
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Lase 3

0.081 + 0,17207°°%4%28T .og 2,41 (T-0.089) - 0,0020™ 3357
+O.0580“°'913T - 0'2850~o.1asT
~0.08% + 0,104 °°%%2F ;4 2.41(T+0,553) -+0,0280 3357

~0,4260 000227 0,462070+ 3237

0.688 - 0.1626 2 %%2% 50g 2,41 (7-0.115) + 030099°—slf§m1

+0,0310" 092287 5 5a4m0-2857

7]
Pt 3 — S

0.082 + 0.1760 °°%°°T .0g 2,41(2-0.110)

+0.0410672°*2% 554 0.699(7~0.964) ~ 0.28407 0+ 08467

~0.074 + 0.1180 °*%2°9% .44 2.41(T+0.616}

~0.3050 22237 g4 o,sgg(mgl.lee) + O.é800—0.084sm
—6.499T

0.707 = 0.165¢ com 2.41(T~-0,140)

-— m —-
~0.0186 2°2%% 455 0,699(T~1,488) - 0.54%6 °~°84§T
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DISCUSSION

The given solutions of the equations of notion are
represented graphicelly in figures 1 to 4. Time, expressecd
in nondimensional units in the figures, can be converted
to seconds if nultiplied by, T (= 0.815).

In figure 1 the nmotions of the average airplane with
controls Tixed are shown. When a yawing moment is applied
to an airplare under these conditiors, the airplane ulti-
nately acquires a steady turning motion of such a value that .
the monent due to the demping in yawing counteracts the ap- I
pliecd noment. The turning is accompanied by ilaward side-
slip so that the rolling moment due to yawiug is balanced
by tho rollirg moment due to sideslippirg. The wawl=ng no-
nent resulting from the sideslip is overconeo b the danp-~ .
ing irn yawing. Tre gteady-state angle of bark pnd angle -
of sideslip are very large because of the nature of the -
disturbance assuned and because of the absence of correc-— -
tive control movenments. The angle of azinuth ingreases
at o constant rate in %he stcady statc &4s a result of the
steady turaning notion. For thesec reasons steadr—-state
relues are not shown in figure 1 although the motion is
stable,

The characteristics assigned to the "‘airplane in case
1l were such that the alrplane was spirally stable. Many
airplanes, however, are spirally unstadble, The degree of
gpiral stavility or instability is usually slight faor '
crulising spceds; henco, the initiecl notion of a spirally
unstable airplanc would be nuch the same as that shown in
figure l. The unstavle airplane, however, would rot ap-—
proach & now steady-state equilibrium, as already descrided,
but theoretically would continue indefinitely to accelor—
ate in yawing, rollirg, and sideslipoirg notions at a rate
doponding on theo amount of instadbilitv,

Pigures 2, 3, and 4 show the results of coatrolling
the nmotion, followirgz an asyrrmetric loss of thrust, br
using wvarious anounts of aileron conbrol and an average
value of rudder control. (Sce table I.) The applied yaw-
ing monent is countsracted by rudder deflection instead of
by danping in yawing and the nmotioz coused by ths disturd-
ance ig nuch roduced. The airplaone with autormatic control
approaches a new ogquilibrium condition of motion along a
straight flight path, with its heading displaced fron the
desirod heading by an argle ,. The magnitude of VY,
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depends nalnly on -t2e arouat of control yawing noment that

is npplicd per unlt displaceront in asiruth, doing suc;
a8 - L

that Uy W rp,, Eﬂﬁ is npproxi_atplv oqual ta the disturb~

ing yawiag nonent.

The airplane flies alozg thoe neow course at o snall
angle of sideslip B, and at.a snall angle of bank Pe s

Values of Bo, ¢O, and. Y, _ for fthe vorione coxtrol con-
ditlons oro given in figures 2, 3, and 4. Ags the nagnl~
tude of the aileror gmaring ls increased, the steady-siato
bank ¢o becones snaller., As a result, tae uirplanc ac-
gquires nmoroe sideslip in ordor that the c*5.66 forco cmusnh
97 the rudder control will still be balarced ot the shall-
er angle of pank. The incronscd_sideslip,'in turi, intro-
duces a yawing mnonent that alds the disturoving nmozent; -
thug, the hcading error WV,  increases somewhrt o8 the nd-
leron cortrol i1g increased. Becouse the gstendy-state d-rk
does not deorease at tha same rate as the nairisude of t20
cileron gearing inecreases, the steady-~statce defloctions of
poth the alleron and tac rudder controls arc lergor for
incroased aileron control. " Large amounts of sileron con—
trol evidently would be undemirable tocaure of the ln-—
creased drag that would be »roduced in controlling the
2irplanc after a given asvmmotric loss of tarust, Any atw
tonpt to imprpve the performance with one on bino doad by
decreasing thc alleron gearing, however, mav Te o compro-
nise vecause of the likelihood of causing a poorly damped
K4.5 oscillation, which will be discusged in another sec—

tior.of the vaper.

Because any .change in trim involves the application
of o constentmonent to the airrlane, it is apmnarent fron
the preccdizng discugrcion that ths airplane Will nointein
its origircl course and. attitude under auuona%ic control
only as long-as tao trim remsins uncltered. Likewise, ihe
airplanc nust be trimned bofore beilrg connecte d 1o the

autonatic. control if its course and attitude are %o .eorre=.

apond to tigee seleccted b merns of the adjustments on the
control. Corrections for initinl departuro from trim aro
usually nads by slight adjustimente of the autoratic pilot

a few nminutes aftor it is engagod.

In mspito of the widely differing modes of whlch the
notions are composed (cf, figs. 6, 7, and 8 or tho roots
in tadle I), the notions.for the differoxi cages Arc quite

n——t
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sinilar, »robadlr because of the fixed walue of ruddors
coatrol geariang used, The progressive reduction in bvank-
ing deviation as the ailoron control is increased 1s the
only outstonding dietinction of tho various notiors, If a
rolling-nonent disturdvance, which the nilerons play a

large part in counteracting, were assuped, the rosulting
notions would undoubtedly show much larger changes in char-—_
~ctor Ffor theo different control conditions considered, al-
tiough mo row nodes wetld be involved for a change in the
tr7rpe of disturbance assuned.

The wvarious nodes that combdine to gzive the rovions
plotted in Figurses 1 to 4 are showan in figures 5 to 8.
The discussion of the figures, for convenience, will be by
nodes instend of on the baslis of changes in the control
conditions. -

For all values assumed for the control gearings, tae
Al,a rode occurs as o snorbt-period latersl ocscillation.

With no lag in control operation, the character of the
node is little affected br the amount of suionatic cdontrol
and is nuch the gnne as the correspording laterzl oscilla-
tion with coatrols fixed (refoerence 3)., If control lag
exists, the node will becomo unstadle as the naganitude of
the rulder gearizng is increascd. (See raofercnce le)

The Az rnode, which is mrescnt oxcept in case 4, is

due to the pronounced terdenecy of the airvlane to resist
any notion relative to the air ia a directioa normal 1o
the wing surface. The mode represents a very small comnpo-
nont of the motions in all of the cases in the present
study in which it occurs. The mode never beconies unstable
2%t norrel flight spoeods., o '

One of thé modez that does not occur with the coatrols
fixed is the Az,s4 mode. (See fig, 8.,) It is essextial-
ly o rolling oscillation havying a moderately lorg period
(~pproxinetely 7.3 sec) when the aileron gearing has ths
value assuned (=385/3% = 0.75). The rolling motion is
accomponied br a little sideslip toward the high wing butb
involves practically no change in headinrg. ~The lack of
azinuth deviation nccounts for the negligidvle effect of
the 36y/0V% géaring on the A, . mode, which is mentioned
tn reforence 1.

The origin and the behavior of the Ay 4 mode as &
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result of changeos in the nileron georiang can be explained

as fTollows., Mdations in rolling can.usually »e consideorod '
to De mearly indopeadert orf roticns in thc other degroos

of freedon becanse of tae heavr darping in rolling. Thus,

for rolling notiozns, the airplare with cortrols fixed bo- .
havog like o simple tnr31onal oscillatorv srpgton that pon—
seggos g large.arcount of depnping snd 1ittle restoring mno- B
rent; the Ay mnode ncecurs os a rapid aneriodic subsidence )
in rolling. The alleron gearing increases tae restoring
ronert of the systeﬂ relative $o the donpircg azd for suffi-
ciently large walues of tae aileron gearing the rolling
notlon becores OSCllL“torv, wvhiech results in the A, 4
node. :

Previous studw of the influence of automatic control
(reference 1) indicated tamt the period of the rolli=ng os-
cillation rapldlr bocoros shorter as ~cﬁa/a¢_ is increased
boyornd the wvrlue assuned in this paper. Laog usuclly ox~
lgts in the ocileron control sco the. darping nlso docreaces
with increasecd ~3,/0¢ and an urnstudle oscillation re=
senblicg wizg flutter finally rogults., With ro lag, s
assuncd ir the present calculations, 5no oscillation is
honvily danped for all valucs of -35,/3#. Thus, for
-38,/0% = 0,75, +the motion is nogli.idle after about ore-

fourth of an osgcillation.

The Ag mode iz the familinr apeoricdic spiral no- .

tion, which has beern discussed at longt: ir rany provious
qpcrs or loternl etabilitr. (Sec, for ~exaonplo, refer-
nco 3.} With contro s fixed, the mode is ustaliy cithor

poorl? danpod (fig. 5) or slightir uanstadle and involves

a slow turning notiozn of the nirplane.. Tho, ganping ¢f the

riode rapidly ircroasos as -88,/0p is incroossd ond the .

rmode hecomnos predoninantly o coanvergenco iz pazk. (Sco

fig. 7.) The lorge magritude of tho Ay rnode ix fijurse

5 is due to the trpo of disturbance assguncd in the calcu-~
lations and to %tae lack of any attonot _to_ cortrael tho ro-—
sultirg otions OCbviously, inmmoediate corrective noasures

rust o toaken to kooep tho motion withln receonable linits

if suchk o trne of disturdvarco occurs in flizht, _ »

The Ag4.s5 mode, vroviously nentiored or Garaner in

reforence 4, occurs for o wvery limitod range of waluogs of )
tne control gearings. The modo doos not oceur with con- -
trols fixod dut will e prosent For the averngo airpleone

1f & small value of aileror goaring (—aaa/aﬁ rot excocod-
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ing aporoxzinately 0.3) ig used in conjunciion with rudder
gearing, The anmount of rudder gearing ussd appears Hto De
uninportant for the existence of the mode, but some rudder
control nust bo prasont. The moiion representod by the
Ag.5 nodo is an oscillation irn azinuth and bank adout the

desired course, accompanied by considerable outward sido-
slip. (Sec fig. 6.) .As a rosult of the oscillation, when
the airvlene is checked in a turn away fronm the course in
one direction it irnedigtely comnences to turn off course
in the opposite direction, & necesgsary. condition for a
turn without sideslip is that the bank lag the azinuth de-
viation by taree~fourths of a period. In the casco consid~
ored, howevor, the devigtion in bank lags the azinuth mo-
tion DY about fivo-oighths of a period. An effective lead
of one-cighth period therefore exists in the donking notion
and the turn is accomparniod by outward sideslip. o

The oscillation resenbles the phugoid oscillation in
longitudinal motion in that the period is long (approxi-
nately 27.4 sec for the aileron goaring assuced), The
damping is somewhat greater than that normally existing
for tho phugoid (reference 5) so that the motion is negli-

£ible aftor about one~half an oscillation. Because of the
long period, however, “ho motion actually persistis for a
congiderable interwal of tinmo. Trerefore, 1% appears do-

sirable to inprove the damping of the mode, decauso tho
initial magnitude of the motion is rather large. _ﬁefer~
snce 1 shows that stability of the azinmuth oscillation do-—
ponds on the valuc of the aileron gearirg and that the
stability ioproves as ~aaa/a¢ ig increased. Before any
adpregiacble incroaseo in danping is obtdinod, however, the
oscillation separatecs into the A4 and the Ag nodes.
Laz in control operation appears to.kave nogligible effect
on the osciliation.

Tho predicted bohavior of the A,,5 mnode has beon

obsocrved undor certaian flight conditions in a low-wing 8~
placo nmodern trarnsport with an automatic pilot. The mode
occurred as ar unstadblo oseillatior .at spceds somewhat be-
low theo cruising snecd when the ailleron gearing was reduced
to zero br closing the aileror speed valve. The influonce
of flight speed on the stadbilitr of the rode may Do ex
plained as follows: The point at which reduction of the
nagnitude of  ~38,/38P results in decreasing the danp-~

ing of the Ag,5 | node to zcro depcands on the inherent
sviral stability presont. (Sce reference 1.) It is well
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known that the spiral etability of an alrnlane decreases
with a decrease in the flight specd; hence, as the amecd
is reduced, less reduction of ~38,/0¢ is roquired to

causo instabilitx of the A, 5 mode.

The Ag mnode is usually doscribed as a.convergonce

in azinuth, TPhe neutral stability of the mode for ar alr-
‘plano with fixod contrals is evidenced d» the fact that
the alrplone, after being digplaced in aszinutih, has no
tondency to rotura %o the original course. Witla automatic
control, the =ode occcurg as..a slow aperiodic motlon,
predoninantly in azinuth and bank but also involvwlang con-—~
siderable sidesliv. (See fig. 7?.) The poor danmping of
the motion is wvery slightly improved as the rudder control
l1g increased and is decreansed at about the sawme rate when
the aileron coatrel is increased. The amount of bvank in-
cluded in the node is decreased sc that the azimuth con-
ponent becones a .relatively nore proninent part of the
mMode as the nagnitude of tno alleron geoaring is increoascd.
(6f. Tigse 7 and 8.) :

CONCLUSIONS

1. Of the nmodes that mav-occur ecither wilth controls
Tixed or with automatic control, the later~l oscillation
and the rolling convergoncce anpear to undergo llittle
chanye in character with a wariation in the agpount of con-
trol. The spiral modp becomos a well—damped conwergonco
in bank as the amount of aileron control is increoasocd.

The azimuth convergence, neubtrally stavle with fixed con-
trols, becomes n poorly dampod motion chiefly involving
azimuth and bank with anvtomatic control,

e Bither of two now rmodos mavy be introduced by the
use of asutomatic control. The First mode is an oscilla~
tion consilsting of almast pure rolllng and is the result
of tho coupling of the Aamping~-in~ryoll root and the spiral-
convergenco root. The second mode is a loug-period osell-
lation ~bout the desirecd heading and results fram tho
coupllng of the spiral-convergence root and the azimuth-—
LONVergenco root

2e 4&Fftor any disturdbance that causes a chenge in
trim, such as ar asyvmmetric loss of thrust, ar airplano
controllsd by an auvtomntic »ilot of thoe tvpe coreidercd In
this study will not roturn to the course nnd the flight
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attituie dssired. - The ﬂirb; ne will assume n new course
nrd attitude, displaced from the or;sinal flight condition

by ar anount depending on the magnitude of the disturbance,
so that amn error in headiag will result gven for small
changes in trim.

Langler Menorial Aeronnutical Laboratory,
Hational Advisory Committes Ffor Aeronnutics,
Langler Field, Va., Februarvy 7, 1241,

APPENDIX .

(Junerical waluss of symbols for the average nirplane

ars given when the gymbols are constants for O = C.35.)
X, T, Z reference axes or forces along The resmeciive

~nxes. (See fig. 9.) Tho axes are fixed rel-
ative to the znirplane and are so orientated
that, in steadr flight, the X, or ioangitu-
dinalil, axis ig directed along the fiight patia
and the Y oaxisg is directed horizontally
along the epaft to the right. The 2 axis is
porpondicular to the X and the Y axes_and
is direcied downward in rormal lewvol flight.

I moment about X axis -
T noment avout 2 axis
kX radius of gyration of alrplanoc about X
(£.95 £%)
En radius of gyrotion of airplane about 2
(5.85 ft)
¥ roesultaent lincar Telocityr of_airplane ccnter

0f sravity (150 fps)

b comnonent of anguler vwelocity of airplarne
about X, radians per secornd '
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conponoand of angular - velocit» of ~irplamnc about

=

&, rndians pecr sccond

anzles of sidpglivp, bvank, and azinputh, respec-

tivelw, measured from undigturded flight at-
titude, radians . '

steady-state values of— B, B, and ¥
following a disturbance

relative~donsitr factor (n/pSb = .82)
nasg of airplane (49.7 slugs)

wing aroa (171 sq ft)

density of air (0.00238 slug/cu £t;

time-convorsior factor (n/pSY = 0.815)

. tine in nondinmonsional units (sec/T)

function of tirc; equal to zero when T < O,
acguiring tre valuc unity instantarecusly
at T = 0, end oqual to uzity whern T > O

differentinsl operator (4/4aT)

roots of stabilitv oguation (reference 1)

if
1if% coefficicnt“(ll —%:. = 0.%5
5 pV 5
o Y
lateral~force coofficient (, =W
> pV B
L
rolling-nonent coofficient (} 5
5 pV SH

Yawing-monent coefficient (T;_ﬁs,_
\z pVZ5D

"wing sepan (B2.0 %)

sun of up and down ailcron deflcction, rndlians;

nositive when right aileron is up
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ruider deflcction, radisrs; positive when trail-

irg edze is deflocted to right

ailcron~control gearing

rudder—control gearing

Q)

Cy

n =

.ba
2

N ==

kx

= Bl R NI N
|
o Rfen o Al A

o f-
l
|

AVRR
|
I

(\VERS

e

kza

steady~state solution of equations of motion

alsy,

——e

o8

984

SCn
35,

~0.140

0.

P —d 43

0.905

~0,189

~0.744

-0.1086

~0.474
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Figure Y.- Pogltive senses of axes and motions.
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